The most serious remaining limitation in many current MRI examinations is data corruption by patient motion. Such motion causes phase errors in the received signal in kspace, which leads to ghosting, blurring and other artifacts in the image. A wide variety of techniques have been developed to minimize or correct for such motion, with perhaps the most successful being the use of navigator echoes [1] . However, corruption due to global patient motion does not actually lose information -if the motion is known, and the appropriate phase corrections applied, the image can be perfectly restored. It is therefore possible in principle to correct for motion given only the raw data from the MR scanner by simply trying different possible motion corrections and searching for the highest quality resulting image with a suitable evaluation function. Such approaches are used in the autofocusing of synthetic aperture radar images and in certain problems in seismic data processing.
Introduction
The most serious remaining limitation in many current MRI examinations is data corruption by patient motion. Such motion causes phase errors in the received signal in kspace, which leads to ghosting, blurring and other artifacts in the image. A wide variety of techniques have been developed to minimize or correct for such motion, with perhaps the most successful being the use of navigator echoes [1] . However, corruption due to global patient motion does not actually lose information -if the motion is known, and the appropriate phase corrections applied, the image can be perfectly restored. It is therefore possible in principle to correct for motion given only the raw data from the MR scanner by simply trying different possible motion corrections and searching for the highest quality resulting image with a suitable evaluation function. Such approaches are used in the autofocusing of synthetic aperture radar images and in certain problems in seismic data processing.
Atkinson et al. [2] recently described such an algorithm, which uses entropy minimization as a focus criterion. They considered both 2-D translation and rotation, and presented good results for simple test images. We have applied autofocusing to a clinical problem -shoulder imaging -in which the sharpness of the image is critical to the clinical evaluation of the supraspinatus tendon and rotator cuff. Navigator echoes have been shown to be effective on such images [3] , and we used the data set from that study to directly compare autofocus and navigator results.
Methods
The major direction of motion in the shoulder is known to be 1-D translation along the superior-inferior direction, so we consider only that degree of freedom. Our autofocusing algorithm iteratively adjusts motion estimates along that direction, corrects lines of k-space by the corresponding phase shifts, and evaluates the sharpness of the image, with the following significant differences from [2] :
Cost function
We use the entropy of the gradient of the image, not the entropy of the image itself. We compared the differences in 22 cost functions evaluated on the original and navigatorcorrected images with the difference in observer ratings for the shoulder data set in [3] . Gradient entropy had the smallest variance and gave the highest correlation with the observer ratings (R = 0. 67, where R = 0.75 was the interobserver correlation, and entropy had R = 0. 50) [4] .
I-D Evaluations and computation time
The algorithm in [2] requires a long computation time (many hours for a 256x256 image), due to the need for an inverse 2-D FFT for every new set of trial motions in order to evaluate the image in real space. In our case, this time is much reduced due to the single degree of freedom. Faster autofocusing is also possible by considering only selected columns of the image, since evaluating their sharpness requires only 1-D FFTs [5] .
Results 25 original images were randomly selected from the navigator study data set described in [3] , and autofocused with both the 1-D and the 2-D algorithm (the 1-D used 64 columns spanning the humeral head). The computation times were about 30 min. for the 2-D and 8 min. for the 1-D algorithms. The original, autofocused, and navigatorcorrected images were printed onto film and evaluated by 4 radiologists. For each image, they were asked to rate the degree of improvement over the original for the 1-D, 2-D and navigator corrections separately. The results are shown in Table 1 . The 1-D autofocus algorithm performs as well as the 2-D, and they both significantly improve the image quality (although not as much as the navigator echoes, which actually attempt to measure the motion). The 25 images included some originals which were of excellent quality (and so could not be improved), and others which were badly corrupted and which no technique could improve (possibly due to motion in other than the assumed direction). A negative rating of -0. 5 was assigned only twice in 100 evaluations (once for 1-D, once for navigator), indicating that these techniques, while they do not always improve an image, hardly ever degrade it. 
Average Observer Ratings for Correction Techniques

Conclusion
Autofocusing has been shown to be a practical technique for motion correction in a demanding clinical application. The algorithm presented here uses only the raw (complex) data from the scanner, requires 10-30 minutes of processing time, and significantly reduces motion artifacts, performing nearly as well as the navigator echo technique.
